Isothiazole-3-and 4-carboxylate esters are readily prepared by 1,3-dipolar cycloaddition of nitrile sulfides, generated by thermal decarboxylation of the corresponding 1,3,4-oxathiazol-2-ones, to acrylate, fumarate and maleate esters, followed by phase-transfermediated hypochlorite oxidation of the resulting 2-isothiazoline cycloadducts.
Introduction
Isothiazoles show a wide spectrum of biological activity 1 and there is therefore interest in effective methods for their synthesis. One route that has been used 2, 3 with some success involves the 1,3-dipolar cycloaddition of nitrile sulfides 1 4 to alkynes. Nitrile sulfides can be generated by thermal decarboxylation of the corresponding 1,3,4-oxathiazol-2-one 2, which are readily prepared from carboxamides (Scheme 1). The range of suitable alkynes, however, is limited by low reactivity and, in some cases, by thermal instability. We have investigated an alternative nitrile sulfide-based approach involving initial cycloaddition to alkenes, which are generally more accessible and of greater reactivity, followed by oxidation of the resulting 2-isothiazoline cycloadducts (Scheme 1). 
Results and Discussion
Cycloaddition of Nitrile Sulfides to Alkenes. Nitrile sulfides are short-lived species prone to fragmentation to sulfur and the corresponding nitrile, and it is therefore necessary for them to be generated in situ in the presence of the dipolarophile. 4 In a typical experiment a solution of phenyloxathiazolone 2a in xylene was heated under reflux (~138 °C) with ten equivalents of diethyl fumarate until HPLC analysis showed that all the starting material had been consumed (4.5 h). Removal of the solvent and excess dipolarophile afforded an oil from which 2-isothiazoline 3a (70%) was isolated by crystallisation. The trans arrangement of the ethoxycarbonyl groups in the product was evident from the 4 Hz coupling between 4-H and 5-H in the 1 H NMR spectrum, which is comparable to those reported for the dimethyl fumarate adduct 4a 5 and the corresponding 2-isoxazoline derived from reaction of diethyl fumarate with benzonitrile oxide (PhCºN
. 6 The structure of adduct 3a was confirmed by X-ray crystallography. 7 4-Methoxy-, 4-methyl-, and 4-chloro-benzonitrile sulfides 1b-d, and alkanonitrile sulfides 1e-g reacted similarly (Table 1 , entries 2-7). A noteworthy feature of these results is the differing times required for the reaction to go to completion; electron-withdrawing substituents decrease the rate of reaction, while electron-donation has the opposite effect in the order Me > Pr > heptyl > 4- Having established that diethyl fumarate (DEF) is an efficient dipolarophile for trapping a range of nitrile sulfides, the corresponding reaction with diethyl maleate (DEM) was examined. 4-Methoxy-phenyloxathiazolone 2b and excess DEM (1:10) in xylene were heated under reflux for 5 hours. The only products detected (HPLC) and isolated were the trans-isothiazoline 3b (32%) and 4-methoxybenzonitrile (67%). The cycloadduct was identified from its mp (and mixed mp) and its spectroscopic properties by comparison with those of the authentic compound prepared from DEF. Formation of nitriles as by-products is a common feature of nitrile sulfide reactions, particularly with less reactive dipolarophiles, and is attributed to fragmentation of the nitrile sulfide competing with cycloaddition. 4 Similar results were obtained for the reaction of DEM with nitrile sulfide 1c. The low adduct yields are consistent with the reported 8 lower reactivity of cis-alkenes. Two possibilities are considered for the formation of the trans adduct (Scheme 2): either the nitrile sulfide reacts with the cis-alkene and the resulting cis adduct rearranges to the thermodynamically more stable trans product, possibly via enolisation of the 4-carboxy group (path a); or the dipolarophile undergoes cis to trans isomerisation under the reaction conditions prior to cycloaddition (path b). There is precedent for the former explanation in the work of Rahman and Clapp 6 who observed that, in the corresponding reaction of benzonitrile oxide with DEM, the expected cis adduct formed at room temperature rapidly rearranged to the trans isomer at 80 °C. On the other hand, examination of the unreacted dipolarophile recovered from the reaction mixture by 1 H NMR spectroscopy showed the presence of DEF (δ =CH 6.4 ppm, cf 6.0 ppm for DEM), consistent with path (b). As DEM is thermally stable at the reaction temperature it is assumed that it results, either (i) from a reversible cycloaddition which allows the more stable trans-alkene to be generated in the reverse step, similar to that proposed 9 to explain DEF formation in the reaction of arylchlorocarbenes with DEM, or
(ii) via an isomerisation process induced by a reactive sulfur species formed as a byproduct on decomposition of the nitrile sulfide.
Cis-trans dipolarophile isomerisation was also observed during the reaction of nitrile sulfide 2c with cis-1,2-bis(phenylsulfonyl)ethene (cis-PSE). Thermolysis of oxathiazolone 2c and cis-PSE (1:2.5) in refluxing xylene for 20h afforded the 4-(phenylsulfonyl)isothiazole 5 (38%), rather than the expected isothiazoline 6 (Scheme 3). Presumably the initially formed isothiazoline undergoes spontaneous elimination of phenylsulfonic acid under the reaction conditions. 4-Methylbenzonitrile and sulfur were formed as by-products. The regiochemistry of the adduct was established from its 1 H NMR spectrum, which showed a signal at 9.5 ppm characteristic for 5-H of isothiazoles. The excess dipolarophile was recovered and shown from its NMR spectra and mp to have undergone complete conversion to the trans isomer (trans-PSE). cis-PSE was shown to be thermally stable at the reaction temperature (135 °C). In order to help distinguish between the two isomerisation pathways (i,ii) a pair of olefinic dipolarophiles (cis-, trans-stilbene) were selected which were expected to be too unreactive to undergo cycloaddition with nitrile sulfides. Thermolysis of oxathiazolone 2c in the presence of a two-fold excess of trans-stilbene gave only sulfur (95%) and 4-methylbenzonitrile (92%) together with recovered trans-stilbene (90%); no adduct could be detected by mass spectrometry. However, when cis-stilbene was used under similar conditions, sulfur (94%) and 4-methylbenzonitrile (90%) were isolated together with trans-stilbene (95%). These results are consistent with pathway (ii) involving oxathiazolone decomposition product(s), presumably sulfur, inducing the cis to trans rearrangement. This hypothesis is supported by the observation that heating DEM with sulfur at ~220 °C resulted in complete conversion to DEF. The nature of the active species is uncertain, but may be reactive form of sulfur, eg S 2 or S 6 , resulting from the decomposition of the nitrile sulfide. 10 The reaction of 4-methoxybenzonitrile sulfide 1b with isobutyl acrylate afforded 4-methoxybenzonitrile and a regioisomeric mixture of isothiazoline-4-and 5-carboxylate esters 7b and 8b. The cycloadduct to nitrile product ratio was found to be sensitive to the excess of dipolarophile used, varying form 0.62 for dipolarophile:dipole = 2:1 to 1.60 at 11:1 (Table 1 , entries 10-17). The regioisomer ratio (~0.35) remained constant within experimental error. The individual regioisomers were readily identified from their NMR spectra; eg the 4-carboxylate 7b showed characteristic 13 
Oxidation of 2-isothiazolines to isothiazoles
Previous work by Howe and Franz 5 showed that isothiazoline 4a could be dehydrogenated to isothiazole 9a in moderate yield (40%) using excess DDQ in refluxing chlorobenzene (5h at ~130 °C). In order to avoid these forcing conditions and facilitate isolation of the product, we have explored the feasibility of using aqueous sodium hypochlorite in a two-phase reaction. In a pilot experiment a solution of isothiazoline 4a in dichloromethane was stirred vigorously with 8% aq. NaOCl at room temperature. TLC and HPLC analysis showed that after 3 weeks 4a had been transformed into 9a, which was isolated in 92% yield (99% by HPLC). Isothiazoline 3b was converted to isothiazole 10b (93%) similarly (Table 2 , entries 1 & 2). Although these results showed that hypochlorite is an effective oxidising agent, the reaction times were unacceptably long. In order to accelerate the process benzyltriethylammonium chloride was added as a phase transfer catalyst. By this means the reaction times were greatly reduced; eg isothiazoline 3a was converted to isothiazole 10a within 5 hours and in high yield (92%) ( Table 2 , entry 3). To illustrate the general utility of the method a series of oxidations were carried out using selected 3-aryl-and 3-alkyl-isothiazoledicarboxylates, and isothiazole-4-, and -5-carboxylates 7b and 8b (entries 4-9). In all cases the reactions were complete in 5 hours or less, and the yields were good (>80%). Attempted dehydrogenation of isothiazoline 4a using oxygen at room temperature, by thermolysis (164 °C), and thermolysis in the presence of air or sulfur gave low conversions to isothiazole 9a (entries 10-13). However, when a combination of air or oxygen with sulfur was used moderate yields (20%, 44%) of the isothiazole were achieved (entries 14,15). In conclusion, for ease of work-up and high product yields phase-transfer mediated hypochlorite oxidation at room-temperature of 2-isothiazolines to isothiazoles is more effective than dehydrogenation with DDQ. The two-step route to isothiazoles involving nitrile sulfide cycloaddition to electron-deficient alkenes, followed by oxidation of the resulting isothiazoline cycloadduct thus affords isothiazoles in 55-80% overall yield.
Experimental Section
General Procedures. The instrumentation for recording IR, 1 H and 13 C NMR, and mass spectra, and the analytical methods used for monitoring the reactions were as previously described. 
(C=O).
Reaction of nitrile sulfides with dialkyl fumarates. The general procedure was to heat under reflux (~138 °C) a solution of the 1,3,4-oxathiazol-2-one (2) (24 mmol) and the alkene (240 mmol) in dry xylene. The reaction was continued until HPLC analysis showed that all the starting material had been consumed. After evaporation under reduced pressure to remove the solvent and excess dipolarophile, the dialkyl (E)-2-isothiazoline-4,5-dicarboxylatewas separated from nitrile and sulfur by-products by distillation and/or recrystallisation. Reaction conditions and product yields are given in Table 1 . 
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